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We have investigated the turbulence in a fluid stratified by a high-Prandtl-number scalar such as salinity (Pr=700) and heat (Pr=7),
by means of a direct numerical simulation which does not invoke a turbulence model. In the initial decay of turbulence, i.e. when the
buoyancy effect is limited to large scales, scalar fluctuations exist homogeneously in space, and the potential energy (i.e. variance of
scalar fluctuations) has a spectrum proportional to k' at high wavenumbers between the Kolmogorov wavenumber and the Batchelor
wavenumber. These two characteristics are the same as the passive scalar which does not have a buoyancy effect. However, as time
proceeds and the buoyancy begins to affect the fluid motions at the smallest scales, salinity fluctuations (Pr=700) begin to show a
spatially localized structure. At the same time, the corresponding potential energy begins to show a flat spectrum (o< k) between the
Kolmogorov and Batchelor wavenumbers, where the potential energy is converted persistently to the kinetic energy via the vertical
scalar flux. These localization and the flat spectrum have been observed only for the very-high Prandtl number of Pr=700 and not for
Pr=7.
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1. Introduction spectral method. Our time-stepping algorithm is based on the

The atmosphere and the ocean, when temporary averaged, 4th order Runge-Kutta method. We begin the computation with
are the density stratified fluids with a larger density at lower 4096’ grid points, and reduce the grid points to 2048’ to save the
altitude. The oceanic flow is governed by the distribution of =~ computational resource after the high-wavenumber components
salinity and temperature. The salinity, in particular, has a very decay as time proceeds.
small diffusion coefficient, so that the Prandtl number Pr, which The initial Reynolds number Re, and the initial Froude
is the ratio of the kinematic viscosity of fluid to the diffusion number Fr,, which are based on the rms velocity and the
coefficient, is very large (Pr=700). Therefore, the salinity integral scale of the initial perturbation, are fixed to 50 and 1,
fluctuations decay slowly, and we need to resolve a structure respectively. All the dimensional quantities are hereafter non-
much smaller than the smallest-size eddies in the flow. In this dimensionalized by the rms velocity and the integral scale of the
study, we investigate the turbulence in a fluid stratified by a initial perturbation, and the mean scalar gradient.
high-Prandtl number scalar such as salinity (Pr=700) and heat
(Pr=7), by means of a direct numerical simulation which does 3. Results
not invoke a turbulence model. In our simulation, the Ozmidov wavenumber defined by

ko=(N.’/€.)(€.: kinetic energy dissipation rate) is initially

2. Numerical Method

We consider a fluid in a cubic region with the periodic
boundary condition. The fluid is uniformly stratified in the
vertical direction due to heat (Pr=7) or salinity (Pr=700). We
compute decaying turbulence in the stratified fluid, i.e., the
temporal evolution of an initially prescribed perturbation. As the

initial condition, an isotropic velocity distribution is given, and

the scalar perturbation is set to zero.

The system is governed by the continuity equation, the
Navier-Stokes equation under the Boussinesq approximation and
the transport equation for the scalar. The governing equations

are solved by a direct numerical simulation using the Fourier
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greater than the Kolmogorov wavenumber, meaning that the
buoyancy effect is limited to the large scales. Then the spatial
distribution of the potential energy T'*/2Fr," is homogeneous
for both Pr=7 and Pr=700 (figures are omitted). Small-scale
structures are energetic for Pr=700 compared to the case of
Pr=7 because a scalar of higher Prandtl number diffuses more
slowly. The potential energy spectrum for Pr=700, i.e. the
salinity fluctuation variance, is found to be proportional to &' at
high wave numbers, as predicted by Batchelor [1]. This means
that the active scalar such as salinity exhibits the behavior
similar to the passive scalar which does not have a buoyancy
effect.
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The Ozmidov wavenumber increases with time, and
eventually exceeds the Kolmogorov wavenumber. At that
point, the buoyancy affects even the smallest-scale of the fluid
motion. We show in Fig. 1(a) the spatial distribution of the
potential energy for Pr=700 at =30, at which the Kolmogorov
wavenumber is one order of magnitude smaller than the
Ozmidov wavenumber. The salinity fluctuations exhibit a
horizontally flat structure because vertical displacements of
the fluid is suppressed by the buoyancy. This is a well-known
characteristic of stratified turbulence (e.g. [2]). A striking feature
of the distribution is intermittency, i.e., salinity perturbation has
a spatially localized structure.

We next show the kinetic and potential energy spectra for
Pr=700 at /=30 in Fig. 1(b). The potential energy spectrum does
not show the &' power law, which is found at the beginning of
the computation, but a plateau (o< k") between the Kolmogorov
and Batchelor wavenumbers. This wavenumber range contains

significant amount of the potential energy, and corresponds to
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the small scale fluctuations in Fig. 1(a). The potential energy
in the plateau is converted persistently to the kinetic energy via
the vertical scalar flux, leading to a substantial increase of the
kinetic energy in sub-Kolmogorov scales (£~20).

It should be noted that the localization and the flat spectrum
of the scalar have not been observed for Pr=7 (figures are not
presented here). The reason why these prominent features
appear only for a very-high Prandtl number (Pr=700) is still an
open question. The energy budget of the spectrum is now under

investigation to clarify the mechanisms.
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Fig. 1 (a) Isosurfaces of 30% of the maximum potential energy for Pr=700 at /=30. Spatial distributions at x=4x, y=4n and z=0 are also shown by

colormap. (b) Kinetic and potential energy spectra (£ and £,) for Pr=700 at /=30. The Kolmogorov, Ozmidov and Batchelor wavenumbers

are shown by the vertical lines.






